Speech production is always accompanied by facial and gestural activity. The present study is part of a broader research project on how head movements and facial expressions are related to voice variations in different speech situations. Ten nonnal subjects were recorded while reading aloud, answering yedno questions, and dialoguing with an interviewer. Rapid rising-falling eyebrow movements produced by the subjects as they spoke were associated with Fo rises in only 71% of the cases. T h i s suggests that eyebrow movements and fundamental frequency changes are not automatically Wed (i.e., they are not the result of muscular synergy), but are more a consequence of linguistic and communicational choices. Note also that 38% of the eyebrow movements were produced while the subject was not speaking.
INTRODUCTION
Based on a multimodal approach to Communication, this exploratory study is part of a broader research project on how head movements and facial expressions are related to voice variations during speech. It attempts to experimentally validate our hypotheses on the links between rapid eyebrow movements and changes in fundamental frequency during speech production in various situations. We noted in a previous study that rapid rising-falling eyebrow movement curves were associated with Fo curves with the same shape (Cave, Gdtella, & Santi, 1993) . Jn the present study, raw gestural data was collected using an automatic movement analysis system. Once converted into curves, the gestural data was compared with the fundamental fresuency curves output from an automatic signal processing system.
Trimodd Communication
The theoretical framework of the present study is based on a trimodal conception of communication wherein the verbal, the vocal, and the gestural are the three modalities of interpersonal expression (see Bally, 1925; Mehrabian, 1972; Cosier, 1988) . One of the perspectives in the study of gestures and their relationship to intonation is that the vocal system and the gestural system are more closely linked to each other than they are to the verbal system (GWtella, 1995). Research on the links between these means of expression is scarce, however, and most available studies deal solely with one modality. (1994) mentioned that eyebrow raising might be associated with a specific intonation structure.
. 2 Gestures

. 3 Voice-Gesture Links
A few studies have attempted to provide evidence of a connection between the vocal system and the gestural system that might attest to COoTdinattd planning at the cognitive level. h particular, they have found a relationship between the rising and falling ef the For Bolinger (in press), the study of gestures and facial expressions should be conducted in relation to the sh~cty of intonation. Signs which associate intonation and gestures fulfill both a semiotic function and a rhythmic fundon (Guaftella, 1991, 1995). Gestures perform a dynamogenic function during speech encoding and a rhythmic function during vocal production. At the semiotic level, the relationship between gestural activity and vocal activity cannot be described as the mere sum of elementary meanings, but rather as the management of a global semiotic modality wherein each element loses its individual meaning.
Thus, it is the combination of various signals emitted in paratlel that determines the overall meaning of the message.
EXPERIMENT"T METHOD
Ten subjects volunteered to participate in the experiment without pay. They were recorded for one hour in each of three different speech production situations: (1) reading a short text aloud, (2) answering ten yeslno questions, and (3) dialoguing with an interviewer about their work.
Data Acquisition
For each subject, three recordings were made in each speech situation. (1) The speech signal was rewrded using a DAT recorder and a Sennheiser microphone (type ME 40). ( 2) The subject was filmed on videotape throughout the entire experimental session. ( 3) The head and face movements were recorded using an automatic movement analysis system.
Kinematic data acquisition and processing. Head and eyebrow movements were recorded using a movement analysis system (called Elite) with an automatic 100 Hz optical TV-image processor. The system reconsmas the three-dimensional trajectories of small infrared retroreflective markers (Femgno and Pedotti, 1985) . The movements of the five points chosen for the present study were captured by means of five hemispherical markers (5 mm in diameter) glued onto the subject's skin: one marker on the forehead at the upper extremity of the frontal suture for recording head movement, one marker on each inside edge of the left and right supra-orbital arches for scowl detection, and one marker on each outside edge of the left and right supraorbital arches for analyzing eyebrow raising and lowering. For the last two markers, a lateral rather than middle position was chosen to avoid confusion between the inside and outside markers during head rotation. An external reference marker was placed on a vertical rod behind the subject.
Two video cameras equipped with wide-angle lenses were placed on either side and to the front of the subject, at a distance of 1.5 m from his or her frontal plane.
The Elite system detected the markers by means of a real-time shape recognition procedure. It then calculated the x-y coordinates of the centroid, and reconstructed the trajectories in three-dimensional space. The powerful algorithms used in the centroid calculations and stereometric procedure attained a measurement accuracy of about 1/3OOO. i.e. 0.5 mm for the linear movements in our experimental conditicms. After digital filtering based on preliminary automatic selection of the bandwidth adjusted to each signal (D'Amico and Femgno, 1990) , the first and second derivatives of the linear displacements of the markers were computed.
Because the eyebrow movements were masked by the large head movements, they were isolated by means of a procedure that translated the (x, y, z) wordnates of the eyebrow markers, using the forehead marhr as the origin (Bertha and P~ZZO, 1988). This made it possible to superimpose all frames without altering parameter estimates. The residual movements in the frontal plane could thus be amibuted to the eyebrows. This method is valid since the forehead marker placed on the median line and upper part of the face was not affected by the eyebrow movements. and therefore necessarily expressed movement of the had.
Data analysis
The kinematic data output by the Elite system (x, y, and z coordinates of the eyebrow movements) and the speech signal were transferred to a Unix-operated SUN station. An automatic procedure was used to display the spectrogram of the speech signal, the corresponding Fo m e , and the eyebrow movement curve (see figure 1 ).
Selection of data for analysis
For this first stage of our data analysis, we examined the corpus of the interview dialogue of three subjects (C, E, and F) drawn at random from among the ten. The present study is limited to the kind of eyebrow movements already examined in previous research (Cav15, Guditella, & Santi, 1993), i.e. rapid rising-falling movements. Inverted trajectories were eliminated (cases where the two eyebrows moved in opposite directions), leaving those instances where either both eyebrows moved in the same direction, or one moved and the other did not. The cutoff point for considering a movement was set at 3 mm or more for at least one eyebrow.
For each eyebrow movement selected, two measures were taken: the duration (in ms) of the rise (for joint eyebrow movement, thc duration of the simultaneous rise was wed) and the magnitude (in mm) of the movement of each individual eyebrow. The corresponding speech signal curves were then automatically isolated. Two cases were encountered: the speaker was either silent (''pauses") or hdshe was producing speech. in the latter case, the fundamental fresuency curve was classified into one of five categories: risingfalling (RF), falling-rising (FR), plateau (P), rising (R), and falling 0. Cases where the speech of the two individuals overlapped were discarded because the fundamental frequency could not be analyzed.
3.REsuLTs
As a whole, the speakers exhibited a large degree of eyebrow movement variability, particularly in movement magnitude where E differed from C and F. The number of movements selected was 30 for C, 36 for E, and 12 for F, for corpora of comparable lengths (approximately 5 minutes). Note also that most of the cases eliminated due to inverted trajectories pertained to subject F. Substantial inter-subject differences were also found for the movement e t u d e of the left and right eyebrows taken separately. In contrast, the subjects did not differ significantly in mean movement duration, which was 3 7 6~~. for the three subjects pooled.
Rise duration was not correlated with movement magnitude. Thus, large movements can take place in a very short time. ..._................_..............-...-..........-................................~.-....-....-....---...-.-....-............................................... There was no significant difference acmss subjects in fundamental frequency variation.
DISCUSSION
A great deal of behavioral variability across speakers was noted here for eyebrow movements but not for fundamental frequency. "rhythmic" or expressive movements which are associated with rises in the fundamental frequency, and "dynamogenic" movements, which assist in discourse planning and are associated w i t h flatter Fo curves (Guaitella, 1995) .
The results of this preliminary study are encouraging, and provide incentive for future research on this subject.
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